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Abstract
In this thesis, I studied the lensed quasar CX2201-3201, which is lensed by an edge-
on spiral galaxy. The unusually high tilt of the spiral galaxy provides us with a
rare opportunity for mass modeling. In addition, the unusual placement of the two
visible images of the system offers an intriguing lensing system for study-the two
images straddle the lensing galaxy's visible disk, but are off to one side of the light
centroid. Based on mass models for the lens that are constrained by the visible
disk of the galaxy, the quadrupole of the disk is strong enough to make CX2201 a
"naked cusp" system, which should have three images-the two images we see, plus
another located in the disk of the galaxy. We attempt to explain the absence of
the third "naked cusp" image by using a series of increasingly exotic mass models.
Unfortunately, none of these models turn out to be both satisfactory and a feasible
solution. Although we are unable to answer the question of why the two images of
CX2201 are located off to the side of the lensing galaxy's center, we gain a better
understanding of the challenges this system poses for those attempting to model the
lensing galaxy's mass. HST data has been obtained for the system, and although this
data were obtained too late for proper inclusion in this thesis, they may aid future
investigators in analyzing CX2201. Plans to obtain detailed rotation curves for the
lensing galaxy are also underway, and it is the hope that future investigators will
come to a better understanding of CX2201's unique features.
Thesis Supervisor: Professor Paul L. Schechter
Title: William A. M. Burden Professor of Astrophysics
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Chapter 1
Introduction
1.1 Studying spiral galaxies
Galaxies are fundamentally hybrid objects, consisting of both dark matter and baryons,
with most of the baryonic matter in the form of stars. Spiral galaxies are believed to
have three distinct mass components: a bulge, a disk, and an extended halo of dark
matter. Although the bulge and disk can be observed from optical images, indirect
methods must be used to study the dark matter halo. Some methods that have been
used are observations of luminous tracers: the dynamics of galactic satellites, tidal
tails, globular clusters, and HI and stellar rotation curves. It has been found that the
rotation curves for spiral galaxies are nearly flat at a distance of many optical scale
lengths from the galaxy center. It is not certain what fraction of the total gravita-
tional force that produces the rotation curve is due to the visible matter; the dark
matter halo's shape and density profile are not well-characterized, as pointed out by
Winn, Hall, and Schechter (2004).
Viewing a highly-inclined or edge-on spiral galaxy lens is therefore a fortuitous
event, allowing us to measure the forces that lie perpendicular to the disk, rather
than within it, and giving us information that cannot be obtained merely from rota-
tion curves. Unfortunately, most gravitational lenses we know of today are elliptical
galaxies rather than spiral. While the collected data has allowed astronomers to put
statistical constraints on the structure of elliptical galaxies, the same has not been
true of spiral galaxies. Systems which have spiral galaxies as their lenses are much
more rare. Detection methods do not favor spiral lenses, which have smaller multiple-
image cross sections, tend to produce images that are closely bunched together, and
contain large amounts of dust in their disks that can extinguish one or more images.
In addition, out of those systems that have been found, few have spiral galaxy lenses
that are well-suited for mass modeling. In some cases, the visual field is so crowded
with bright quasar images that it is difficult to draw conclusions or even accurately
determine the position of the lens from the data.
There are three notable examples of spiral lenses that have yielded interesting
results. The first example is located in the Q2237+0305 system, discovered by Huchra
et al. (1985), which exhibits a cruciform quasar image geometry. The system's spiral
galaxy has the lowest redshift (z = 0.0394) of all known galaxies, and this low redshift
causes the quasar images to appear very close to the galaxy center, where they are
affected by the mass in the bulge (rather than that in the disk or halo). It has
still been possible, however, to discern useful information about large-scale structure.
Schmidt, Webster, and Lewis (1998) estimated the mass of the central bar seen in
optical data by taking into account the shear in the image configuration. Trott and
Webster (2002) made a case for the disk being sub-maximal (providing less than 75%
of the galaxy's dynamical support), using model constraints obtained from quasar
image positions and HI rotation measurements at larger distances from the galaxy's
center.
The second well-studied example is B1600+434, first mentioned by Jackson et
al. (1995) and Jaunsen and Hjorth (1997). This system contains a nearly edge-on
spiral galaxy straddled by two quasar images. Initial models of this system, presented
by Maller, Flores, and Primack (1997), involved both a halo and a disk. Maller et
al. (2000) elaborated on these models and determined the allowed combinations of
disk mass and halo ellipticity. Koopmans, de Bruyn, and Jackson (1998) had made
similar calculations, using models containing a disk, bulge, and halo. Unfortunately,
the drawbacks to this system are two-fold: the lens galaxy contains a central dust
lane, making its position difficult to determine, and a massive neighboring galaxy
adds an extra layer of complexity to lens models.
Finally, the previous best example of spiral lensing is the two-image quasar PMN
J2004-1349 modeled by Winn, Hall, and Schechter (2004). The advantages of this
system were a lack of massive neighbors, a well-known galaxy position, and non-
collinearity with the two quasar images. This allowed the investigators to use quasar
image positions and fluxes to confirm that the mass quadrupole of the spiral galaxy
was aligned with its light profile-something that had previously been shown only
for elliptical galaxies. In addition, the bulge-to-disk mass ratio was determined using
the axis ratio, position angle, and scale lengths from HST data.
In this thesis, we will examine the system CX2201-3201, which is lensed by an
edge-on spiral galaxy and thus presents an opportunity to further study the structure
of spiral galaxies. Furthermore, if observing a spiral galaxy in a lensing system is rare,
an edge-on spiral galaxy is rarer still. CX2201-3201's other unique and perplexing
feature-involving its unusual image positions-is described in the following chapter.
1.2 Lensed quasars
The discovery of quasars provided a class of sources ideal for studying the mass distri-
bution of galaxies via gravitational lensing. Quasars are very distant from the Earth,
so the probability that they will be lensed by intervening galaxies is significant-
roughly 1 out of 1000 quasars are lensed. In addition, quasars are bright enough to
be detected even at cosmological distances and their optical emission region is com-
pact and much smaller than the typical scales of galaxy lenses. Lensed quasars can
often have large magnifications, and the multiple lensed images are well-separated and
easily detected, particularly with the improvement in CCD detectors over the past
decade or so and the advent of excellent ground-based and space-based telescopes
such as the Magellan Observatory and the Hubble Space Telescope.
In addition to providing information about the mass distribution of the lens, de-
tailed study of the image configuration and the measurement of "time-delays" between
lensed quasar images can give estimates of the Hubble parameter H0 , as explained by
Courbin, Saha, and Schechter (2002). First proposed by Refsdal (1964), the method
is based on measuring the light variations in the lensed images. The time lag or
"time-delay" between the arrival times of the signal from each image of the source to
the observer is directly related to Ho and the mass distribution of the lensing object.
1.3 Mathematics of gravitational lensing
Gravitational lenses are a valuable tool for studying the mass distribution of galaxies
because strong lensing (involving lenses that produce more than one lensed image)
depends only on the two-dimensional projection of the lens' mass distribution. It is
this property we exploit to study the composition of the spiral galaxy of the CX2201
system.
The lensing properties of a gravitational lens are easiest to visualize by looking
at the time delay equation for a given lens and source. The zeroth, first, and second
derivatives of the time delay equation (with respect to position) give the three D's
of gravitational lensing: delay, deflection, and distortion of the lensed image(s). The
time delay T is given by the following equation:
1 + ZL DLDS 1E
=E) _ 2D0)) (1.1)-
c DLS
Where ZL is the redshift of the lens, c is the speed of light, DL is the angular diameter
distance from the observer to the lens, Ds is the angular diameter distance from the
observer to the source, DLS is the angular diameter distance between the source and
the lens, / is the position vector of the source, ) = (x, y) is the position vector of
the image (x and y are angular distances), and 0 2Dis the effective 2D gravitational
potential, given by
Ds Isoure 243D dl
02D = 2ýD dl (1.2)DS = observer C DL
where 13D is the three-dimensional Newtonian potential for the lens.
Fermat's principle of geometric optics says that images are located at the station-
ary points of the two-dimensional time-delay surface 7, or points that satisfy VT = 0:
= o - V 2D (1.3)
Taking the second derivative of the time-delay equation gives the curvature matrix
A, also known as the inverse magnification matrix M - 1:
A = M` a2 xoy (1.4)
k x8y /y2
Note that the matrix of Equation 1.4 is symmetric, and is therefore diagonalizable in
a rotated coordinate system. It can then be expressed as
1 0
A = -(1.5)
0 1
The matrix of Equation 1.5 describes the local curvature of the time-delay surface
and allows one to distinguish between the three kinds of stationary points-if both
eigenvalues of A are positive, the stationary point is a minimum; if both are negative,
the stationary point is a maximum; and if both have opposite signs, the stationary
point is a saddle-point. The scalar magnification of a lensed image is f/ = (detA)- ',
calculated at the image's position R.
For a more detailed introduction to gravitational lenses, the reader is referred to a
paper by Narayan and Bartelmann (1996), which provides an excellent mathematical
treatment on gravitational lenses.

Chapter 2
Introduction to CX2201-3201
2.1 Background on the lensing system
The subject of our inquiry goes by the full name CXOCY 220132.8-320144. It was
discovered by Treister, Castander, Maza, Gawiser and Morgan (private communi-
cation) as part of the Calan-Yale Deep Extragalactic Research (CYDER) project,
whose initial results were published by Castander et al. (2003). CX2201 was found
in the D1 field of the CYDER project, and in follow-up spectroscopy, Castander et
al. found the spectrum to be double. Following a description from J. Maza (private
communication), Schechter obtained MagIC images for the object on 2004 September
14th. Schechter submitted an HST proposal in January 2005 and data were obtained
in April and May of 2006. These last data were obtained too late for proper inclusion
in this thesis, but they confirm results of the earlier Magellan imaging, although the
lensing galaxy looks yet thinner than in the optical images and shows hints of a bar.
The ground-based Magellan data is shown in Table 2.1, in the second section of this
chapter. Castander et al. (private communication) also measured the redshift of the
lens to be 0.323 and the redshift of the quasar to be 3.903.
Models used initially by Schechter to justify the number and positions of the
lensing images had the center of the galaxy directly between the two images. When
this is the case, it allows for a reasonably straightforward solution: with the addition
of a spherical (dark matter) halo, the two observed images become a minimum and
Table 2.1: Optical data for CX2201 from MagIC camera on Clay 6.5m, with apparent
magnitudes in AB system as measured by Castander et al. (private communication).
Image A
Image B
Magnitude r 23.20.0:_4
Magnitude i 22.740:03
(x, y) position before rot. and trans. in " (-0.27, 0.30)
(x, y) position after rot. and trans. in " (-0.32, 0.48)
Lensing galaxy
Magnitude r 21.06+0.oi
Magnitude i 20.61_-01.
(x, y) position before rot. and trans. in " (0.29, 0.13)
(x, y) position after rot. and trans. in " (0, 0)
Major axis (FWHM) in " 4.00
Minor axis (FWHM) in " 0.70
saddle-point of the time-delay surface, located on opposite sides of the galaxy. The
spherical mass component weakens the quadrupole of the visible disk until only two
images are seen, rather than the normal four. Unfortunately, actual measurement
of the galaxy's center of light shows it to be sufficiently displaced that this solution
requires disks of negligible mass, as will be shown in Chapter 5.
2.2 The intriguing aspects of CX2201
In addition to providing us with an example of a edge-on spiral galaxy, CX2201 also
merits study because of the puzzling position of the lensed quasar images. The ob-
servational data are given in Table 2.1. The positions of the images and the lens
were obtained by Schechter from the MagIC images using a variant of the DoPHOT
program, which was developed by Schechter et al. (1993). Apparent magnitudes (AB
system) in the r and i filters were obtained by Castander et al. (private communi-
cation). Table 2.1 lists the positions both in the original coordinate system and in a
Magnitude r
Magnitude i
(x, y) position
(x, y) position
coordinate system that has been rotated and translated so that the lensing galaxy lies
along the x-axis and the center of the galaxy lies at the origin. In this new coordinate
system, the two visible quasar images in CX2201 are positioned above and below
the visible disk of the lensing galaxy, off to one side of the lensing galaxy's center,
creating a challenge for those trying to model the mass profile of the galaxy. Being
off-center means that both visible images are minima of the time-delay surface. In
this case, there must be at least one more image in this system-a saddle-point of the
time-delay surface--which is not observed in the Magellan optical data.' This third
image would be located in the disk of the galaxy, between the two images and closer
to the brighter of the two (the lower image).
This would make CX2201 a three-image "naked cusp" configuration with the
third image unseen for reasons unknown. If this were the case, CX2201 would only
be the second known example of a naked cusp system, the first being the lensed
quasar APM08279+5255-spectra analysis of the three images of this system, done
by Lewis et al. (2002), confirmed that all came from the same quasar, making this
the first odd-numbered image system known. Lewis et al. also made observations
of nuclear CO(1-0) emissions in this z = 3.911, broad absorption line (BAL) quasar,
which suggested that the lens was a highly-flattened system, such as an edge-on spiral
galaxy. We cannot determine how edge-on the spiral lens is, however, since we do not
observe the lensing galaxy's starlight. In addition, similar to some of the problematic
spiral lens systems mentioned above, the mass modeling of APM08279 is complicated
by the presence of two strong MgII systems nearby; the objects within these two
systems could also contribute to the lensing of the quasar. Our lens, CX2201, has no
such massive neighbors.
Hubble data for CX2201 agrees with the Magellan data and shows clearly that
there is no third image-at least, none more than 1- the brightness of the brightest
visible image. This rules out the possibility that the Magellan data simply lacks
necessary resolution to find our missing image. Because the third image would be
'Starting with no intervening mass and thus no lens, the time-delay surface for a given lensing
system starts out with one minimum. As more mass is added to the system, deforming the time-delay
surface, images are added in pairs of a saddle-point plus a maximum or minimum.
located close to the mid-plane of the lensing galaxy, one possible explanation is that
dust in the galaxy is responsible for obscuring the optical image. Other possible
explanations involve adding mass to the simple disk model of the galaxy-halos, bars,
micro-lensing stars-or adopting a more extreme view of the lens' actual ellipticity.
These possibilities will be discussed further in Chapters 4 and 5.
In summary, CX2201 warrants our attention because it is a rare example of an
edge-on spiral galaxy and possibly a naked cusp configuration as well. Our efforts here
consist of using increasingly exotic galactic models in an attempt to explain why the
two visible images in CX2201 are not centered on the lensing galaxy's center. We begin
by using a model that is constrained by the visible disk of the galaxy seen in ground-
based optical images-this model is discussed in Chapter 4. Throughout the rest of
this thesis, we will be making extensive use of Lensmodel program written by Charles
Keeton (2001), a versatile piece of software that allows the user to model strong lenses
using both pre-set lens models and user-specified tabulated lens models. Lensmodel
and its manual can be downloaded from http://www.cfa.harvard. edu/castles/.
The next chapter seeks to familiarize the reader with Keeton's program by testing its
capabilities using analytical, well-understood lens models.
Chapter 3
Testing Lensmodel
3.1 Introduction to the program
As Keeton has provided documentation for most of Lensmodel's features at
http://www.cfa. harvard. edu/castles/, we will not go into too much detail here
and only explain what is necessary for the reader to follow along. Two of Keeton's
pre-set analytic lens models that we make use of are the alpha model and the mpole
model. The alpha model is a softened power law mass density model with adjustable
parameters b' (weighting or strength), s' (core radius), and a (determines order of
power law):
1= (b') 2-a [(S)+ (2a/2-1 (3.1)
where n is the convergence (Equation 1.5), ( is the elliptical radius
( = [(1 - e')x 2 + (1 + E')y] 1/2
where E' is related to the ratio of the semimajor axis to semimajor axis q by
q2 = (1 - ')/(I + f).
The mpole model is a general multipole potential with adjustable parameters m
and n, which determine the order of the multipole:
= r cos(mO) (3.2)
23
0 is the angular distance from the positive y-axis, increasing in the clockwise direction.
As mentioned before, Lensmodel also allows the user to use tabulated r maps,
and this feature will be demonstrated later in this chapter. K, the convergence, gives
the mass density in units of a critical density, E,,rit, which is defined as the following:
c2 Ds
Ecrit =4G D (3.3)47rG DLDLs
The definition of E>rit is related to the definition of the Einstein radius of a lens.
In a circularly symmetric strong lens, the Einstein radius is the radius at which an
on-axis source would be imaged as a ring. Generally speaking, strongly lensed images
will be located near the Einstein radius, and it provides a natural angular scale for a
gravitational lens. Eit is the units in which the average value of the mass density
within the Einstein radius is exactly equal to one. The average values of r within the
Einstein radius will be very nearly unity; K greater than one implies strong lensing. 1
One command we will make use of often is optimize, which takes as its input
image data (positions, relative fluxes, and/or time delays) and starting values for
the lens parameters (specific parameters vary based on the lens model used). When
Lensmodel is run with the command optimize, it finds the best fit for the lens pa-
rameters according to the image data given, also giving a source position, source flux,
and X2 for the fit. Different parameters can be selected as fixed and free parameters
through the use of flags placed in a startup file, and the pre-set or user-specified lens
model is also loaded through the startup file. Examples of data files and startup files
for Lensmodel will be shown later in this chapter and generally whenever we invoke
Lensmodel.
'This is not necessarily true in the case of a "naked cusp" system, due to the strength of the
lens' quadrupole. We shall see this later when fitting to models of CX2201's visible galaxy disk in
Chapter 4.
3.2 A theoretical lens system: the SIQP
Before working with data from CX2201, I tested Lensmodel's ability to model a
theoretical lens system with a singular isothermal quadrupole potential (SIQP). The
SIQP was defined with the following 2-dimensional potential:
02D = br(1 + y cos 20) (3.4)
where b is the weighting, r is the radius, y is a measure of the flattening of the
potential, and 0 is the angular distance from the positive y-axis, increasing in the
clockwise direction.
The 2-dimensional mass density r was calculated by taking Equation 3.4 and
making use of the relation V 2 2D = 2K and was found to be:
n = -[1 - 3y cos 20] (3.5)2r
To analyze this lens system, I found the location of images for an on-axis source
and characterized the critical curves of the system. To find the image locations, I
substituted the 2D potential, 02D (Equation 3.4) into the lens equation, working in
Cartesian coordinates, so that Equation 3.4 became Equation 3.7:
E = + V 2D (3.6)
V 2D = b (x2 + Y 2 (x2 + 2) (3.7)
Here E = (x, y) is the image position (where x and y are again angular distances) and
3= (0, 0) is the source position. Solving for (x, y) showed that the lensing system
had four on-axis images, in addition to the central image at (0,0). The coordinates
of these images are shown in Table 3.1.
To find the critical curves, I made use of the fact that images located on the critical
curves are infinitely magnified. In other words, the inverse magnification of images
on the critical curves is equal to zero. Thus, I computed the inverse magnification
Table 3.1: Image locations for SIQP with source located at (0,0)
Theoretical values Values for 7 = 0.1 and b = 1
(0, b [1 + ]) (0, 1.1)
(0, -b [1 + y]) (0, -1.1)
(b [1 - 7], 0) (0.9, 0)
(-b [1 - y], 0) (-0.9, 0)
90 1.5
Figure 3-1: Theoretical plot of critical curve for a SIQP with 7 = 0.1 and b = 1.
matrix for the SIQP's 2D potential, set its determinant equal to zero, and solved for
the locus of points that satisfied this equation:
r = b(1 - 3y cos 20) (3.8)
Setting y = 0.1 and b = 1, the theoretical plot of the critical curves is shown in
Figure 3-1. For these values of y and b, with a source at (0, 0), the image locations
are shown in Table 3.1.
3.3 Using analytical lens models
The next step was to calculate critical curves and image locations for the same sys-
tem using analytical models in Lensmodel, then compare the results to my theoret-
ical calculations. I chose to model the SIQP using a combination of the alpha and
mpole models (discussed earlier in this chapter) provided by Lensmodel; the alpha
model provided a circular (monopole) component, while the mpole model provided
the quadrupole components of the potential.
The startup file was as follows:
set omitcore=.02
#tells lensmodel to ignore central area withan a radius of .02"
set chimode=0
set shrcoords=2
set optmode=2
data datasimm.txt
#input "data" from theoretical SIQP
startup 2 1 #2 potentials, 1 model
alpha 1. 0 0 0 0 0 0 0 1. #alpha model (isothermal, circular)
mpole 0 0 0 .2 -90.0 0 0 0 2 1 #mpole model (quadrupole term)
#the -90.0 entry tells lensmodel to rotate the model 90 degrees from
vertical; due to the program's choice of coordinates, 0 degrees of
rotation would place the x-axis on the vertical axis.
1000000000
0001000000
plotcrit simm.crit
plotgrid simm.grid
optimize
The data file datasimm.txt was as follows:
1 #galaxies
0 0 0.0003 #position/uncertainty
0.0 1000. #Reff/sigma
0.0 1000. #PA/sigma
0.0 1000. #ellip/sigma
1 #sources
5 #images
0.0 1.1 +2.75 0.003 0.5 0.0 0.0 #image Al
0.0 -1.1 +2.75 0.003 0.50. 0.0 0.0 #image A2
0.9 0.0 -2.25 0.003 0.5 0.0 0.0 #image B
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Figure 3-2: Critical curve drawn from Lensmodel
model of the SIQP, again with y = 0.1 and b = 1.
1 2
output, for the alpha + mpole
-0.9 0.0 -2.25 0.003 0.5. 0.0 0.0 #image C
0.0 0.0 +0.0 1000. 0.5. 0.0 0.0 #central image
The critical curve drawn by Lensmodel is shown in Figure 3-2 and agrees with the
theoretical plot of the critical curve. Lensmodel's predictions of the location of the
images also corresponded precisely with the theoretical predictions, with deviations
of less than 1 in 10,000.
3.4 Using a tabulated K model
The second stage of testing Lensmodel involved a user-specified, tabulated r, model
of the lens. Using the Cartesian coordinates description of the SIQP's r (Eq 3.7),
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Figure 3-3: Critical curve drawn for the tabulated
defined model, again with y = 0.1 and b = 1.
1 2
model produced from the user
I I . . . . I . . .I . I I ,
I wrote a Perl script to create a 501-by-501 grid of r values, with x and y values
ranging from -0'!5 to 0'W5. Because approximately 3/4 of the differential displacement
of images in an isothermal lens comes from outside of the Einstein ring, I altered the
, model to have an elliptical outer boundary, setting the mass density equal to zero
for V(x/.5833) 2 + y2 > 5". I obtained the axis ratio for the elliptical boundary by
measuring that of the elliptical mass contours of r. Also, I softened the sharp peak
at the center of the K map, setting its value to • 10 (in units of surface mass density
divided by its critical value), as the original value was many orders of magnitude
larger and might have caused Lensmodel difficulty in its calculations.
The numbers for each datapoint of the grid were placed into a text file, which I
input to Lensmodel using the kap2lens command in interactive mode. The output
was a binary file that contained the tabulated lens model. This tabulated lens model
was then used to fit the "data" placed in the file datasimm.txt, shown above.
The startup file for the tabulated model was as follows:
set verbose=1
set chimode=O
set optmode=2
loadkapmap ks50lml.out
#loads the tabulated model binary file ks50lml.out
data datasimm.txt
#loads the data for the theoretical SIQP
startup 1 1
kapmap 1 0 0 0 0 0 0 0 0 0
#the tabulated model is weighted by unity
1000000000
plotcrit ks501ml.crit
#creates data files for plotting critical curves
plotgrid ks501ml.grid
#creates data files for plotting grids
optimize
The positions output by this fitting process agreed with the theoretical calculations
quite well, deviating by only 1 part in 100. Using SuperMongo(TM) scripts to plot
the critical curves, I compared the critical curves for the tabulated model with those
of the Lensmodel analytical model and the theoretical, calculated model. The critical
curve of the tabulated model, shown in Figure 3.3, had a slightly smaller radii (smaller
by • 0'!03) than the critical curves of the analytical and theoretical models, perhaps
due to the imposed K = 10 maximum for the tabulated model, but they otherwise
agreed well.
In conclusion, the kap2lens function of Lensmodel does a good job at modeling
the theoretical SIQP lens, agreeing to 1 part in 100 with the image locations of
the theoretical and analytical models. With this confirmation, I proceeded to use
Lensmodel to analyze actual data gathered on the CX2201 system.

Chapter 4
Using a seeing-corrected ra map to
model the CX2201 system
4.1 Constraining the model with optical data
The next step was to use a tabulated model to fit actual data gathered on the CX2201
system. Optical data was obtained from a 5 minute exposure done with the Sloan
r' filter, taken with the MagIC camera on the Clay 6.5m telescope of the Magellan
observatory. The data obtained was rotated and translated so that the edge-on disk
of the spiral galaxy lay along the x-axis of the coordinate system and the origin was
located at the center of the lensing galaxy. In this coordinate system, the two visible
lensed images were located to the left of the origin, the brighter one below the x-axis
(image A) and the dimmer one above the x-axis (image B). The ground-based optical
data was shown in Table 2.1, in Chapter 2.
The relative fluxes of the two images, fA and fB, were calculated from the dif-
ference between their apparent stellar magnitudes, mA and mB, using the following
equation
f = 10 2.5 (4.1)fA
where mA - mB = -0.16, as measured from optical data.1 Using these values, the
ratio fB/fA was calculated to be 0.86. In the data files for Lensmodel, the relative
fluxes were set to fA = 1 and fB = 0.86. Although the error in flux measurement
was only on the level of 0.03 mag, I set the error bars for the fluxes to be 20% of the
calculated values to allow for micro-lensing.
The lensing galaxy was modeled by using a n map that was based on the visible
portion of the galactic disk. This visible disk was modeled with a 2D Gaussian profile.
The (un-normalized) expression for ri was as follows:
1( 2 22
r,(x, y) = e 25 a (4.2)
To determine the values of ax and ay, first the full width at half maximum
(FWHM) in the x and y directions of the Gaussian light profile was taken from
the optical data. The values for ax and ay were calculated by dividing the respective
x and y FWHM values by 2.35. It was then necessary to account for the effects of
atmospheric seeing, which would tend to make a, and ay appear larger. Because the
atmospheric seeing was nearly the same in both directions, it was modeled as a radi-
ally symmetric 2D Gaussian that was convolved with the actual image of the lensing
galaxy to form the optical image recorded by Magellan. The seeing had FWHM of
0'40, or a ,,see of about 0'17.
Before accounting for seeing, ax and ay were 1('70 and 0'30 respectively. The
seeing calculations were made by using the fact that the convolution of two Gaussians
is another Gaussian, and the Oconvolved of this new Gaussian is obtained by adding
the as of the two component Gaussians together in quadrature (Equation 4.3). The
values of a, and ac were thus found to be 1'.69 and 0W25 respectively.
'We note that Castander et al (private communication) obtain a slightly different value for
mA - mB.
o2onvolved = aO + 02  (4.3)
Following the procedure for creating a tabulated , map given in the previous
chapter, I created a 501-by-501 grid of n values for x and y values ranging from -5"
to +5" in intervals of 0'.'02. The outer boundary of this K map was elliptical, with a
semimajor axis of 5", and an ellipticity equal to that of the mass contours of rI; I set
the mass density equal to zero for v(x/ul) 2 .+ (y/uy))2 2 5". As the Gaussian profile
was not singular at the center, it was not necessary to manually reduce the values at
the center of the r, map.
4.2 Using the model; results obtained from findimg
and optimize
When entering this model into Lensmodel, the only free parameter was the light-to-
mass ratio, or the overall scaling factor of the r, map. All other parameters were kept
fixed. It was necessary to rotate the a model by 90 degrees when loading it with the
kapmap command in Lensmodel, due to the coordinate system used by Lensmodel.
The starting value given to the overall scaling factor of the r map was 1.0, since the
un-normalized Gaussian had a central value of 1.0, and average r values within the
Einstein radius are on the order of unity for strong lensing, as mentioned in Chapter
3. The starting value for the scaling factor was adjusted after an initial trial; it was
changed to the value found by the optimize command. This value was about 0.92-
note that the K values within the Einstein radius are less than unity in this case,
because the lens has such a strong quadrupole. Other consequences of this strong
quadrupole will be explained shortly.
Once optimize had fit the images and fluxes and had provided a source location,
the command findimg was added to the Lensmodel startup file and was used to
locate all lensed images associated with a source at that location, along with their
magnifications. The command kapgam was also added to the Lensmodel startup file
and was used to read in the findimg image positions, which had been placed in a
separate text file, as well as calculate the local values of r, (the convergence), - (the
shear), and 0 (an angle in degrees). These three quantities are defined in Chapter 1.
The datafile (cx. txt) containing image positions and relative fluxes, which was
used with the Lensmodel startup file, was as follows:
#actual data from Hubble telescope for CX2201
1 #galaxies
0 0 0.0003 #position/uncertainty
0.0 1000. #R.eff/sigma
0.0 1000. #PA/sigma
0.0 1000. #ellip/sigma
1 #sources
2 #images rotated and translated from original coordinates.
-0.3175643 0.4841853 0.8616387 0.01 0.16 0 0 #image a
-0.3249603 -0.3130796 1.0 0.01 0.2 0 0 #image b
The final version of the Lensmodel startup file cxsv2. st was as follows:
#Input file for seeing-corrected Gaussian kappa map.
set verbose=1
set chimode=0
set optmode=2
loadkapmap cxsmap.out #loading kappa map
data cx.txt #loading images and fluxes that are to be fitted
startup 1 1
kapmap 9.236192e-01 0.0 0.0 0.0 90 0.0 0.0 0.0 0.0 0.0
#The above line scales the kappa map by a factor of 9.236192e-01, a
#number obtained from "optimize" output.
1 0 0 0 0 0 0 0 0 0 #varying the overall scaling of the kappa map.
plotcrit cxsmap.crit
plotgrid cxsmap.grid
findimg -2.587648e-01 6.022145e-02
#The source location given to the "findimg" command was taken from
#lensmodel's "optimize" output.
Table 4.1: Image positions, relative fluxes, and local values of r, y, and 0. Obtained
from Lensmodel commands optimize, findimg, and kapgam. The source flux was
found to be 0.33 times that of Image A.
Values from optical data Lensmodel output
(x, y) in " rel. fluxes (x, y) in " rel. fluxes , 7
Image A (-0.33, -0.31) 1.00 (-0.33, -0.31) 1.23 0.39 0.20 -84.74
Image B (-0.32, 0.48) 0.86 (-0.32, 0.48) 0.53 0.12 0.01 16.50
Image C X X (-3.32, -1.18) 1.33 0.80 0.59 -89.11
kapgam 2 kgs.txt kgs.out
#Image locations are placed in kgs.txt, kapgam output printed to kgs.out.
optimize
The X2 value for the optimize fit was 5.70, and the results of optimize, findimg,
and kapgam are shown in Table 4.1. Where applicable, the values obtained from
Lensmodel are compared to the values from the optical data.
So although the tabulated K map fits the image positions well and the relative
fluxes reasonably well, findimg reveals that it also produces a third image which is
not seen in the optical data, and which should be about as bright as image A. The
next section of this chapter elaborates on the issue of this third image.
4.3 The problematic third image
Figure 4-1 compares the Lensmodel image positions with the observed image positions
and a mass contour of the lensing galaxy. The third image is found close to the mid-
plane of the lensing galaxy, between images A and B and slightly to the left. As eluded
to in Chapter 2, its presence is characteristic of a "naked cusp" image configuration.
This configuration arises when the quadrupole moment of the lens is very strong,
Results of Gaussian kappa model for CX2201 compared with observed data
2-
O Observed image positions
Findimg image positions
1.5 ........ ................ + Observed lensing galaxy center
- Lensing galaxy mass contour
0.5 o
0 ...
-0.5
-1
-1 .5 ..... ........
-2 lil
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X (arcsec)
Figure 4-1: Plot in rotated and translated coordinate system, showing observed image
positions, findimg image positions, and a mass contour of the lensing galaxy. The
mass contour's major and minor axes were given the values of a-, and Ua respectively.
Note that the "extra" image appears close to the mid-plane of the lensing galaxy.
causing the astroid caustic to extend out of the radial caustic. 2 A source located
within one of the astroid caustic's naked cusps will result in three lensed images.
Naked cusp configurations do not have a central, infinitely demagnified image.
The question is, why do we not see the third naked cusp image in the optical
data? According to the intensities taken from Hubble space telescope data, if there
is an extinguished third image, it is being demagnified by a factor of 20 or 30. What
could be responsible for this considerable demagnification?
There are a few possibilities we can explore. As mentioned in Chapter 1, one
possibility is that the third image is being absorbed by two or three magnitudes of
2 Caustics are lines in the source plane that correspond with the critical curves, which are located
in the image plane. A typical quadrupole lens has an astroid, or diamond-shaped, caustic located
completely inside an elliptical radial caustic. If a source is located within the astroid caustic, the lens
will produce four images; if a source is located outside of the astroid caustic but within the radial
caustic, it will produce two images-in both cases, there will also be a central, infinitely demagnified
image. As discussed above, a "naked cusp" configuration is a special case of a quadrupole lens where
the astroid caustic actually extends out of the radial caustic, creating a region where a source will
create three images.
dust in the lensing galaxy. This is a somewhat unexciting explanation, but it is not to
be ruled out. Supporting this possibility is the Hubble data, which shows a dust lane
in the galaxy near the two visible images, located closer to the lower image. Another
possibility is that the galaxy possesses an unseen mass component, consisting of dark
matter, that suppresses the third image. Yet another possibility is that the profile
of the lensing galaxy is actually thinner and more elliptical than the visible data
suggests. Along similar lines, the galaxy could be barred-the Hubble image shows
an ambiguous-looking mass between the two visible images, so a thin central bar may
exist. Finally, there is the possibility of micro-lensing by individual stars in the lensing
galaxy. This is an appealing prospect because the third image is magnified and its
magnification is close to that of the brightest visible image. The following chapter
discusses attempts to solve the third image problem by adding mass components to
the lens model, elaborating on the non-dust-related solutions.
4.4 The mass-to-light ratio for the visible disk
Before we discuss possible solutions, we wish to determine how likely it is that a
significant fraction of the galaxy's mass could be found in a "dark matter" component.
We will accomplish this by estimating the mass-to-light ratio for the visible disk in
various band passes and comparing our lensing galaxy's colors with those of other
known spiral galaxies, using colors to estimate what the stellar mass-to-light ratio
should be. Although this is an approximate procedure, it should help set limits on
the size of a hypothetical dark matter halo.
4.4.1 Calculating the mass
The expression for K, the galaxy's mass density in units of Ec,,it (Equation 4.2), was
integrated from the origin out to the elliptical contour of V(x/u) 2 + (y/o) 2 = 5",
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where the values of az and ay are as previously given. (The exact upper limit of the
integration is actually not significant, as the mass density is quite small by the time
one reaches a semimajor axis of 5".) This produced a value for the galaxy's mass
that was in units of Ecrit x (arcsec)2 . The mass was converted to units of solar masses
(M®) by converting Ecrit to units of Me/pc2 and converting arcseconds into parsecs
by using geometry (the conversion factor was calculated to be 4687pc/arcsec).
Ecrit was again given by Equation 3.3:
c2  DsCcrit - C 2 D
S47rG DLDLS
where G = 4.301 x 10-3M~'(km/s) 2pc and c = 3.00 x 105 km/s. For a "concordance"
cosmology (describing a flat universe), Qm = 0.3, QA = 0.7 and Ho = 70 km/s/Mpc.
The angular diameter distances for this lens were the following:
Ds = 0.3383c
Ho
DLS = 0.2774c
Ho
DL = 0.2256c
Ho
The mass for a disk normalization of 0.92 (the normalization factor found by Lensmodel
for the unassisted disk model discussed earlier in this chapter) was calculated to be
1.10 x 1011Me .
4.4.2 Converting mAB,v to MAB,v(1+z)
Having found the mass, the next step was to calculate the luminosity of the visible
disk. To do so, it was first necessary to convert from apparent magnitude to absolute
magnitude in the AB system. In the discussion that follows, v refers to the frequency
of the light that we observe on Earth, while v(1 + z) refers to the frequency of the
light emitted by an object in its rest frame. mAB,v is thus the apparent magnitude of
an object as seen from earth, while MAB,V(1+z) is the absolute magnitude of an object
in its own rest frame. We wish to calculate the quantity mAB,v - MAB,v(1+z).
The definition for mAB,v is given by the following:
mAB,v = -2.5 log 3631JyI36I1JI (4.4)
The luminosity of an object in its rest frame, Lv(l+z), is related to the luminosity
distance Dlum and the flux received at the earth's surface f, by the following equation,
where Av represents a small change in frequency.
Lv(l+z)Av(1 + z) = 4rD2 ,mfnfA
When we cancel out the Av from both sides, we obtain:
Lvu(+z)(1 + z) = 47rD2mf,
= 7rMf•, (4.5)
MAB,V(1+z) is given by the following:
MAB,(I1+z) = -2.5 log [L,(1 + z)] + k (4.6)
And when Dium = 10pc, the following is defined to be true:
mAB,, - MAB,v(1+z) = 0 (4.7)
Our first task is to eliminate the arbitrary constant k in Equation 4.6 and put
MAB,v(1+z) in terms of known quantities.
By rearranging Equation 4.5, we obtain an expression for f,:
(4.8)SLv(l+z)(1 + z)
4WDM
If we substitute Equation 4.8 into Equation 4.4, we obtain
mAB,v = 2.51g[ Lv(l+z)(1 + z)]mAB,, = -2. (3631lo• •)4rDM (4.9)
If we set Dium in Equation 4.9 to 10pc, we can then use Equations 4.9 and 4.7 to
obtain an expression for MAB,,(1+z):
MAB,v(l+z) = -2.5 log[ Lv(+z)(1 + z)
M (3631Jy)47r(10pc) 2
Note, however, that at Dm,, = 10pc, z < 1, so we set 1+ z = 1 in the equation above
to obtain the following:
MAB,V(1+z) = -2.5 log (4.10)Lv(1+z)(3631Jy)47(10pc)2
If we like, we can also unwrap the log expression in Equation 4.10 and compare with
Equation 4.6, thus obtaining a value for k:
k = 2.5 log [(3631Jy)47r(10pc) 2]
Now we can calculate the difference between mAB,v and MAB,v(1+±). If we rearrange
Equation 4.5 again, this time to obtain an expression for Lv(l+z), we get:
4(1 + z)f
(1+ z) (4.11)
If we substitute this into Eq. 5 and cancel out factors, we obtain
D2 fv
MAB,(+z) = -2.5 log [(3631Jy)(10pc) 2(1 + z) (4.12)
If we subtract Equation 4.12 from Equation 4.9, use log rules, and cancel out like
factors, we obtain:
mAB,v - MAB,v(+z) = -2.5 log (10p c) 2(1+ ) (4.13)
If we substitute Dium = (1 + z) 2 DL into Equation 4.13, where DL is the angular
diameter distance to the lens (the emitting object in our case), we obtain:
mAB,v - MAB,v(1+z) = -2.5 log (1 + C)2 (4.14)
Using Equation 4.14 and the previously given values of z = 0.323 and DL = 0.2256c/Ho,
the conversion equation was found to be
MAB,v(1+z) = mAB,v - 40.84 (4.15)
yielding the values listed in the table below for MAB,v(I+z). The values for apparent
magnitudes in the g', r', and i' filters in the AB system were measured by Castander
et al. (private communication). Castander et al. measured the apparent magnitude
of K, in the Vega magnitude system to be m,,Ks = 17.18; this value was converted
to the corresponding apparent magnitude in the AB system (mAB,v,Ks) by using the
conversion value found in Table 1 of Blanton and Roweis (2006):
mv,KS = mAB,v,Ks + 1.85
To fully account for redshift, it is not sufficient to insert factors of (1 + z) into our
equations above. We must also account for the fact that the wavelengths we observe
have been reddened since they were emitted (in the rest frame of the galaxy, the
wavelengths we observe are shorter than what we receive on earth). To adjust for
this, Aobs, the wavelength we observed, was divided by (1 + z), giving us Aitr. Both
Aobs and Aintr are shown for each filter in the table below.
Filter Aobs () intr (A) mAB,v MAB,v(1+z)
Sloan g' 4670 3530 22.11 -18.73
Sloan r' 6156 4653 21.06 -19.78
Sloan i' 7472 5648 20.61 -20.23
Ks 21603 16329 19.03 -21.81
4.4.3 Comparing the disk's luminosity to the Sun's
In order to accurately compare the rest frame luminosity of our galaxy with the
luminosity of the sun, we used Aintr, not Aobs, comparing Aintr with the defined band
passes in Blanton and Roweis (2006). Choosing the two filters whose band passes
bracketed Aintr, the absolute magnitude of the Sun, MAB,G, for Aintr was then linearly
interpolated. (Errors in this method would arise from the assumption that MAB,O
varies linearly between the Aeffs that define each bandpass, and the assumption that
the intrinsic spectrum of the galaxy is the same as that of the Sun.)
After applying these compensating wavelength shifts, our g', r', i', and Ks filters
became (approximately) the U, B, V, and H filters, respectively. The luminosity of
the galaxy of CX2201, Lcx, was then compared to the luminosity of the Sun, L®,
in each bandpass, using the equation below, which was obtained from the definition
of absolute magnitudes. Note that all luminosities and absolute magnitudes in this
section are given as values in the rest frame of the emitting object.
Lcx MAB,O(-MAB,CX
= 10 2.5
LHere MA is the absolute magnitude of the sun in a specific bandpass in the AB
Here MAB,® is the absolute magnitude of the sun in a specific bandpass in the AB
system and MAB,CX is the absolute magnitude of the lensing galaxy in a specific
bandpass in the AB system.
Having calculated both the mass Mcx of the galaxy's visible disk and its lumi-
nosity Lcx, both in solar units, we were then able to calculate the total mass-to-light
ratio in units of solar masses per solar luminosities, or Mcx/Lx. We then took the
loglo of this quantity in order to compare with values in the literature for the stellar
mass-to-light ratios of studied spiral galaxies. This quantity is shown in the table
that follows, along with Aint,, the linearly interpolated values of MAB,O for Aintr, and
other intermediate values. We note that the mass-to-light ratio for the K, filter looks
suspiciously low. This could suggest problems with the spectroscopy of Kauffman et
al. (2002), dimming of the infrared wavelengths by dust, or errors in our calculations
here, which only manifest in the values for the K, filter.
Filter Aintr (A) MAB,0 Lcx/L® Mcx/Lcx logo M cxM/L_ lo10 [_Mcx/LCXMM/L®g]
Sloan g' 3352 6.38 l.llxl10 10  9.99 1.00
Sloan r' 4419 5.14 0.93x 1010  11.90 1.08
Sloan i' 5364 4.75 0.98x10 106 11.26 1.05
K, 15508 4.71 4.05 x 1010  2.726 0.44
4.4.4 Comparing with the colors, luminosities, and masses of
known spiral galaxies
To determine what mass-to-light ratio could reasonably be expected of our galaxy,
having calculated its luminosity in various band passes, we turned to Figure 20 in
Kauffmann et al. (2002). Their figure provides plots of the g-band mass-to-light
ratio plotted as a function of the g0.1 - ro.1 color for galaxies in four different absolute
magnitude ranges (with values K-corrected to z = 0.1). To estimate our galaxy's
go.1 - r0.1 color, we assumed our galaxy's spectrum was similar to that of the Sun's
and compared our (approximate) U and V filter absolute magnitudes with the corre-
sponding absolute magnitudes for the Sun, which we obtained by linear interpolation
45
in the previous section. For our galaxy, we found that U - V = 1.50, while the sun
had U - V = 1.63, showing that our galaxy's spectrum was somewhat more blue than
the Sun's. We then divided our galaxy's U - V by the sun's, obtaining a value of
0.92. Multiplying the Sun's gO.1 - rO.1 magnitude (in the Vega system, K-corrected
for z = 0.1) by this ratio gave us an estimate of 0.67 for our galaxy's go.1 - ro.1
The logo M/L quantity for the stellar mass of a spiral galaxy with this value of
g0.1 - ro.1 was then read off of Figure 20 in Kauffmann et al. (2002), using the graph
for z-band absolute magnitudes ranging from -21 to -20.
This method yielded an estimate of 0.5 for the log 0 M®/L quantity for a spiral
galaxy of our U - V, or a stellar mass-to-light ratio of about 3. The average for our
galaxy's logo10 MLJ was around 1.1, or a total mass-to-light ratio of about 11.
This shows a considerable discrepency with the numbers of Kauffman et al., and there
numerous possible explanations for why this is the case.
The most likely source of the discrepency is the model Castander et al. (private
communication) used for the light profile of the lensing galaxy. While we chose an
elliptical 2D Gaussian profile for our , map of the galaxy's visible disk, Castander et
al. modeled the visible disk as an elliptical exponential, which places more light at
larger distances from the center of the lens than our Gaussian does. Galaxy disks are
widely thought to be exponentials, but the Gaussian profile was chosen here for ease
of calculating seeing corrections. Lensmodel does allow for elliptical exponentials,
however, and it would be interesting to compare the lens masses obtained for the two
cases. This is, however, outside the scope of this thesis.
Another likely possibility is that there is some convergence outside of the lensing
galaxy that causes the two visible images to appear further apart than they would
otherwise, making it seem as though the lensing galaxy contains more mass. Such
3This average was taken over the r' and il band passes only--the g' data was excluded because it
was too close to the ultraviolet, and the Ks data was excluded because of its suspiciously low value,
in comparison with the r' and i' data.
a convergence could come from a cluster of galaxies or a dark halo with a relatively
flat density profile at the lens radii we are examining. The choice of /- map profile
likely plays the most central role in our mass-to-light ratio discrepency, but an outside
convergence could well be a factor.
Another possible explanation is that there are errors in Castander et al.'s pho-
tometry. One way of investigating this possibility would be to compare Castander's
obtained colors with known values for galaxies. This could also help identify a pho-
tometric error, if it exists, in either the g', r', i' or Ks bands. With a full analysis of
the HST data, future investigators will have the opportunity to check Castander et
al.'s photometry.
Another possibility is that Kauffman et al.'s numbers are inaccurate, due to the
numerous assumptions made by the investigators. For instance, Kauffman et al.
assume that the distribution of masses of stars is like that in the neighborhood of the
Sun.
Yet another possibility is that the light in the g', r', and i' bands are being absorbed
by dust, while the Ks is less affected. The markedly lower value for the total mass-
to-light ratio for the Ks suggests that this is part of the problem, although we do
not see much evidence of extinction by dust when comparing the g' and r' absolute
magnitudes.
We could also explain our significantly smaller K8 band mass to light ratio by
arguing that the mass-to-light ratio in solar units for galaxies should be smaller at
K, in comparison with g' and r', since galaxies tend to be redder than the sun. It is
true that our galaxy has been calculated to be bluer than the Sun (at least in U - V),
but galaxies are composite objects; at bluer wavelengths one receives more light from
the bluer stars, while at redder wavelengths one receives more light from redder stars.
Thus, our galaxy's brightness in blue wavelengths does not preclude it being bright
in red wavelengths as well.
With so many uncertain factors in our calculation, it is hard to come to any
conclusion about the size of a hypothetical dark halo for our lensing galaxy. Such
studies are left to future investigators. In the next chapter, we return to the missing
image problem and use various exotic mass models in an effort to solve it.
Chapter 5
Attempts to solve the third image
problem by adding mass
components
Our attempts to explain the absence of the third image fall roughly into two categories.
In one category, we attempt to add mass that will suppress the quadrupole of the
lensing galaxy's visible disk, turning the three-image "naked cusp" system into a
more ordinary two-image system. In the second category, we attempt to add or alter
masses that lie on the line-of-sight between the observer and the third image, in the
hopes of greatly demagnifying it. The first possibility we try lies in the first category.
5.1 Adding a centered dark matter halo
According to current models of spiral galaxies, much of their mass is "hidden" in a
nearly spherical dark matter halo that extends beyond the visible disk of the galaxy.
This means that the mass distribution of spiral galaxies may be much more spherical
than their optical data indicates. Thus, in trying to correct for the extra image found
in using the a map based on optical data, we first explored the effects of adding a
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spherical halo to the tabulated model for CX2201. This spherical halo was modeled
as an isothermal sphere, using the analytic model alpha in Lensmodel and setting
the a parameter to unity.
Initially, all parameters of the alpha model were held fixed while the overall scaling
factor of the r, map was again allowed to vary from a starting value of unity. The
strength of the alpha model was gradually raised from 0'. to .'6 in 0'1 increments,
and the results from each step are compared in Table 5.1. An example of how two-
component models are loaded into Lensmodel is shown below; this is the startup file
for a fixed alpha strength of W01.
#Seeing-corrected Gaussian kappa map plus alpha model (strength=0.1")
set verbose=1
set chimode=0
set optmode=2
loadkapmap cxs2map.out
data cx.txt
startup 2 1
kapmap 7.458477e-01 0.0 0.0 0.0 90 0.0 0.0 0.0 0.0 0.0
#The above line scales the kappa map by a factor of 7.458477e-01, a
#number obtained from "optimize" output.
alpha 0.1 0 0 0 0 0 0 0 0 1.
1000000000
0000000000
#The above two lines tells lensmodel to vary the weighting of the kappa map.
#All parameters of the alpha model are fixed.
findimg -2.074072e-01 5.545587e-02
#The src location given to the "findimg" command was taken from
#lensmodel's "optimize" output.
optimize
It was found that the fit for the images and relative fluxes grew progressively worse
as the strength of alpha was increased, and that a fourth image appeared when the
strength of alpha reached '.2. This fourth image was located below and to the right
of the lensing galaxy's center, and its appearance was accompanied by the appearance
of an extremely demagnified fifth image (magnification 1 x 10-5 or less), which was
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Table 5.1: Parameter values obtained from optimize and findimg. The first seven
rows of this table show the parameter values for each fixed value of alpha's strength.
The last row shows the best fit obtained from allowing both the scaling of K and
the strength of alpha to be free parameters. Images A and B are as previously
defined. Image C is the extra third image which appears between images A and B,
and image D is the fourth image, which appears below and to the right of the lensing
galaxy's center. Magnifications obtained from the findimg command are given for
image A, and magnification ratios with respect to image A are given for the other
three images. Negative values for relative magnifications indicate a parity flip for the
image in question. Xs indicate that a particular image does not exist for the given
strength of alpha. X2 values are obtained from the optimize fit for image positions
and relative fluxes.
r scaling factor alpha strength (") Image magnifications X
A B/A C/A D/A
0.924 0 3.048 0.429 -1.086 X 5.698
0.746 0.1 3.473 0.450 -0.990 X 7.417
0.568 0.2 4.172 0.474 -0.931 -0.067 15.000
0.390 0.3 5.489 0.507 -0.886 -0.190 29.880
0.214 0.4 9.052 0.543 -0.851 -0.249 51.590
0.041 0.5 6.429 0.360 -0.862 -0.196 77.970
0.899 0.014 J 3.096 0.432 J -1.069 X 5.658
located at the origin of the coordinate system.
Following this experimentation, another trial was run where both the overall scal-
ing factor of , and the strength b of the alpha model were allowed to vary. The
starting value of r's scaling factor was unity, and the starting value for b was 0'1.
The results of this trial are shown in the last row of Table 5.1 and reveal that an
almost nonexistent dark matter halo is favored.
In conclusion, adding a centered dark matter halo to the Gaussian r, profile does
not improve matters-the ratio between the magnifications of images C and A remain
approximately the same. The centered dark matter halo in fact makes things worse,
creating a fourth quasar image. This fourth image is located above and to the right
of the lensing galaxy's center and has a magnification comparable to that of the two
images seen in the optical data. Having determined that the addition of a centered
dark matter halo does not solve the missing image problem, we next calculate the
Table 5.2: Results of initial testing for the tabulated Gaussian K plus de-centered
spherical halo. The first line of data shows results for the unassisted K map. (It
should be noted that findimg sometimes deals poorly with highly demagnified central
images, as it did in this case-warning messages about nonconvergence were printed
out, giving an approximate location and magnification for the central image. This
known problem is discussed briefly in the Lensmodel manual.)
alpha strength (") r normalization Image magnifications x/
A B/A C/A D/A
0 0.92 3.05 0.43 -1.09 X 5.70
0.1 0.69 3.38 0.47 -0.56 -0.49 4.39
0.2 0.46 5.39 0.39 -0.50 -0.44 7.25
0.3 0.20 -29.47 -0.11 X X 25.0
0.4 0.0099 -3.91 -1.40 X X 3.48
effects of adding a dark matter halo that is not centered on the visible disk's center,
but is centered close to the line connecting the two visible images.
5.2 Adding a de-centered dark matter halo
We again used the alpha model in Keeton's program to model the spherical dark
matter halo, but this time placed the alpha model slightly to the left of the light
centroid for the visible disk of the lensing galaxy. Initial trials placed the halo at
(-0'.321, 0W"0), with the x-coordinate equal to the average of the x-coordinates of the
two visible images for the CX2201 system. We first sought to determine an approxi-
mate value for the strength of the alpha model that, combined with the tabulated K
map, would provide a good fit to visible data. To accomplish this, the position of the
de-centered dark matter halo was kept fixed and the normalization of the tabulated
K map was allowed to vary from a starting value of 0.92, its unassisted normalization.
The alpha strength was gradually increased from a value of 0'0 to 0'W4 in steps of
0i1, with findimg and optimize run at each step. Results for initial trials are shown
in Table 5.2. Note that for values of alpha strength greater than or equal to 0'3,
Image A becomes a saddle-point of the time delay surface, while Image B remains a
Table 5.3: Results from optimize for a manual sweep over different values of r
normalization, with alpha strength and x position allowed to vary. In all cases,
findimg found two images plus a greatly demagnified central image that represented
a maximum in the time-delay surface. The best fit for this model is obtained for a ,
normalization of 0.065.
n normalization alpha strength (") x pos'n (") Image magnifications X2
A B/A
0.23 0.30 -0.323 -12.31 -0.24 28.12
0.20 0.31 -0.323 -27.95 -0.11 -21.35
0.10 0.36 -0.322 -5.28 -0.69 17.00
0.09 0.36 -0.322 -6.29 -0.67 0.87
0.08 0.36 -0.322 -4.44 -0.86 0.32
0.07 0.37 -0.322 -5.46 -0.82 0.046
0.065 0.37 -0.322 -5.29 -0.86 0.008
0.06 0.37 -0.322 -5.11 -0.90 0.033
minimum (note Image A's change in parity).
It was found that values of alpha strength greater than or equal to 0W3 are sufficient
to suppress the extra images that appeared in our previous lens models. The next
step was to more precisely determine the parameters for this model. To accomplish
this, both the alpha strength and x position were allowed to vary from starting values
of 0"3 and 0"323 respectively. The value of 0.3 for alpha strength was chosen because
the r normalization for an alpha strength of 0'4 was exceedingly low (0'0099). For
these trials, the /i normalization was fixed at each step and was decreased from 0.23
(I of its unassisted normalization) to 0.06. Results for this sweep over different
values of r, normalization are shown in Table 5.3 The x position of the alpha model
changed very little over all trials, and the best fit was found at a K normalization of
approximately 0.065 and an alpha strength of 0'W37, which gives a X2 value of 0.008.
Although this model fits the observed data perfectly, it comes at the price of a very
drastic mass distribution, where the mass of the visible disk is miniscule compared to
a vast spherical halo. Taking the normalization of 0.065 for the r, map and calculating
the mass of the visible disk by using values from Chapter 4, this would imply a stellar
mass-to light ratio of about 0.4, which is much lower than the estimate of 3 that was
given in Chapter 4 through comparing the color of our galaxy with other known spiral
galaxies. This suggests that our de-centered dark matter halo model is unlikely to be
correct.
In addition to requiring a visible disk of negligible mass, this model requires the
dark matter halo to be offset from the centroid of the optically visible portion of the
galaxy. It is generally assumed that the centers of the dark matter halo and visible
disk of a galaxy are aligned, so displacing one with respect to the other is certainly
unusual. Next, we go back to an unassisted galaxy disk for a lens model, but we take
a more extreme view of the ellipticity of the lens' projected surface density.
5.3 A more elliptical lens profile
When observing a lens, we measure a finite ellipticity for three reasons: the broadening
of the lens by the atmosphere and the telescope, the finite thickness of the galaxy,
and the tilt of the plane of the galaxy to the line of sight. In our efforts so far, we
have attempted to correct for the broadening effects, which gives us an ellipticity of
roughly 0.855. A cursory examination of the HST images reveal that the ellipticity
is likely even greater (perhaps around 0.9) and we would like to determine how much
more elliptical the lens must be in order to extinguish the third image.
We used the preset alpha model provided by Lensmodel, where the a parameter
was set to unity. Here and throughout, ellipticity is defined as e = 1 - , where
_ is the ratio of the semi-minor axis to the semi-major axis. The ellipticity of thea
alpha model was first set to 0.855, the ellipticity of the visible disk of the galaxy as
measured from optical data. To see what effect changing the ellipticity would have on
the magnification of the image located in the disk of the galaxy, the ellipticity of the
lens was gradually raised until Lensmodel declared the ellipticity value out of bounds
Table 5.4: Testing an increasingly elliptical alpha model: again, the magnification of
image C is given as a relative magnification with respect to image A.
Ellipticity b" (in ") X2 for fit Magnf. ratio C/A
0.855 0.17 7.60 -0.40
0.90 0.15 5.00 -0.31
0.95 0.12 2.50 -0.19
0.97 0.10 1.60 -0.13
0.99 0.08 0.70 -0.063
0.995 0.07 0.46 -0.039
0.999 0.05 0.22 -0.013
0.9995 0.05 0.18 -0.0083
0.9998 0.04 0.16 -0.0044
(an ellipticity of 0.9999 or higher). At each step, the ellipticity was kept fixed while the
alpha strength was allowed to vary from a starting value of b = '1. The results are
shown in Table 5.4. The alpha strength is given as the invariant parameterization b",
rather than the usual alpha strength b'. The invariant parameterization b" is related
to b' by the following equation, where q = ~:
:2b" = b q (5.1)
This quantity b" represents the surface density one sees when looking face-on at the
disk of the lensing galaxy, whereas the quantity b' represents surface density when
looking edge-on at the lensing galaxy.
With increasing ellipticity, the X2 for the fit improves, and the magnification
of image C with respect to image A decreases. The required demagnification of
approximately 1 = 0.05 of the brightness of the brightest visible image in CX2201 is
achieved somewhere between the ellipticities of 0.99 and 0.995. So while this solution
works in principle, it implies an improbable alignment of the visible disk; if we assume
a perfectly flat, circular spiral galaxy, it must be tilted within 0.57' of the line-of-
sight in order to produce such an elliptical lens profile. As our spiral galaxy is not
perfectly flat, it would require a tilt even closer to the line-of-sight, making this
solution even less likely. Finding neither the dark matter halo nor the highly elliptical
lens explanation satisfactory, we next turn to micro-lensing in an attempt to explain
why the third image is suppressed. These efforts are discussed in the following three
sections.
5.4 Micro-lensing by 1 star
The role that micro-lenses such as stars can play in suppressing macro-images in grav-
itational lensing systems has been investigated previously by Schechter and Wambs-
ganss (2002), Chang and Refsdal (1979, 1984), and others. In comparison to minima
of the time-delay surface, saddle-points are especially vulnerable to suffering demag-
nification at the hands of micro-lenses, due to their larger curvature in the time-delay
surface. The third "naked cusp" image of CX2201 is a saddle-point, making micro-
lensing a real possibility. In addition, the saddle-point macro-image is magnified-the
greater the magnification of the macro-image, the more its magnification suffers from
the effects of micro-lensing. Here we explore the possibility of a single star acting
as a micro-lens and demagnifying the third image. Our calculations follow those of
Schechter and Wambsganss (2002). There, the magnifications of a micro-lensed min-
ima and a micro-lensed saddle-point are calculated, but here we are only interested
in the latter.
The magnification Imacro of the macro-image of a quasar (the images we have
been dealing with so far) is given by the determinant of the magnification matrix M,
or equivalently, the inverse of the determinant of the curvature matrix A
1
macro (5.2)n cro = (1 - K)2 - (5.2)
where K and y are again the convergence and shear of the lens, respectively, at the
positions of the images. We model the micro-lens as a point mass placed directly
on the line-of-sight between the observer and the macro-image of the quasar. This
causes the saddle-point to be split into two saddle-points, whose total magnification
is given by the following:
1
I 4• i [( 
- ) + y]
2 - macro (5.3)
To compute the values of , and 'y at the saddle-point, we made use of the com-
mand kapgam in Keeton's lens modeling program. The following line was placed in
the Lensmodel startup file to invoke this command: kapgam 2 <infile> <outfile>.
The "2" selected the mode of kapgam-in this case, reading in image positions from
the separate text file <infile> and printing the results in the separate output file
<outfile>. Image positions for the third image were taken from the findimg com-
mand's output for the version of the lens modeled without a spherical dark halo,
shown in the previous chapter. K and y were determined to be 0.80 and 0.58 respec-
tively.
From Equation 5.3, Equation 5.2, and the values of , and 7 obtained from kapgam,
the magnification of the micro-images that comprised the original saddle-point was
calculated to be 1.10. In other words, micro-lensing by a star directly in front of
the third quasar image approximately undoes the magnification of the macro-image
(For comparison, image A had a magnification of 3.05, and the magnification ratio of
B/A was 0.43 for this model.) This gives a magnification for the third image that is
closer to what we observe, but still not nearly low enough to be within the limit of
brightness given by the HST data.
5.5 Micro-lensing by a hierarchy of micro-lenses
To achieve greater demagnifications through micro-lensing, Lucia Tian (private com-
munication) showed that it is possible to use successive splittings by a hierarchy of
micro-lenses to create infinite demagnification. For instance, let us perturb the two
micro-images that we produced in the previous section by placing two more point
masses on top of them, creating 4 images instead of 2. This further reduces the
magnification by a factor of two, and brings the total number of perturbers up to
three.
Because there is no limit to how much one can demagnify a macro-image by
using this process, we can imagine a vast hierarchy of micro-lens that would bring
the brightness of our image C down to L the brightness of the brightest visible
image. However, in practice, such a hierarchy of micro-lenses is unlikely to exist, so
we continue onwards to other possibilities.
5.6 Micro-lensing plus shear
We discovered earlier in this chapter that micro-lensing the third image with a point
source perturber demagnifies the image, but not by nearly enough to account for the
data. Micro-lensing the third saddle-point image of the quasar merely undoes the
magnification of the macro-image. However, if this third "naked cusp" image were a
maximum, its capacity to be demagnified would be much greater. Why might it be
a maximum? With a bit of contrivance, we can imagine a case where this is true.
If we imagine that the original quasar image of CX2201 is actually a lensed im-
age to begin with (for instance, if the quasar was lensed by a galaxy cluster), and
that it is a saddle-point, this new arrangement becomes possible. When the spiral
galaxy lenses the saddle-point image of the CX2201 quasar, it splits this saddle-point
into two new saddle-points surrounding a maximum-our two visible images and our
"missing" third image. If we then place a micro-lens directly on the line-of-sight to
the maximum, we can potentially demagnify it infinitely. This is due to the fact that a
maximum has finite negative curvature in both directions, so that when a point mass
is placed on top of the maximum, it then has infinite negative curvature. In contrast,
a saddle-point has negative curvature in one direction and positive curvature in the
other; when a point mass is superposed on the saddle-point, it creates two valleys in
the direction in which the curvature is positive.
First, we sought to determine whether such an arrangement could fit our optical
data by modeling this new three-image system in Lensmodel. A two-component mass
model was used, consisting of both the tabulated , map used previously, in addition
to the pre-set analytic model convrg, which provided a uniform r = Ko and external
shear y = yo throughout.' The convrg model was given values of to = 'yo = 0.6,
for an original saddle-point magnification of -5. These values of Ko and To would be
appropriate for a highly magnified saddle-point image as would be produced by an
isothermal cluster of galaxies. The shear was directed along the vertical axis, in the
direction perpendicular to the disk of the lensing galaxy. All values of the convrg
component were kept fixed, and the overall scaling factor of the K map was allowed
to vary. The starting value for the overall scaling factor was 0.92, the scaling factor
obtained when the unassisted n map was used to fit the observed data.
The optical data was fit to the new two-component model using the following
input file for Lensmodel, which also invoked findimg and kapgam:
#Sheet with kap=gam=0.6 plus the kapmap disk.
#For testing microlensing of a maximum, if original quasar is saddlepoint.
set verbose=1
set chimode=O
1We use the fact that, in the vicinity of an image, any potential can be expanded locally in terms
of a local kappa and gamma. For instance, in one dimension, a minimum locally behaves like a
harmonic oscillator potential. In higher dimensions, the same idea applies, but the curvature need
not be the same (or even have the same sign) in different directions. In our case, expanding "locally"
means expanding in the vicinity of our galaxy, as the galaxy cluster that is responsible for the no
and -yo is much larger than our galaxy.
Table 5.5: Output from optimize for the uniform mass sheet plus tabulated i map
lens model, giving image positions and relative brightness fluxes.
Input (x, y) and relative flux Output for Ko = Yo = 0.6 Output for ro = yo = 0.75
Image A (-0.3250, -0.3131) 1.0000 (-0.3128, -0.3143) 1.2138 (-0.3165, -0.3136) 1.2183
Image B (-0.3176, 0.4842) 0.8616 (-0.3291, 0.4833) 0.5707 (-0.3258, 0.4840) 0.5550
set optmode=2
loadkapmap cxs2map. out
data cx.txt
startup 2 1
kapmap 9.229912e-01 0.0 0.0 0.0 90 0.0 0.0 0.0 0.0 0.0
convrg .6 0 0 0 0 .6 0 0 0 
1000000000
0000000000
findimg 1.264730e-01 5.996274e-02
kapgam 2 kgcxcsy.txt
kapgam 2 kgcxcsy.txt kgcxcsy.out
#The src location given to the "findimg" command was taken from
#lensmodel's "optimize" output.
optimize
Results for optimize for this two-component model are shown in Table 5.5. This
table also shows the trial for no = 70 = 0.75, for a total magnification of -2 for the
saddle-point, which fit the observed image positions and fluxes slightly better than
the ro0 = Yo = 0.6 case. It was found that the ro = 7 = 0.75 model fit all the observed
image positions to within a few percent, and it fit the relative fluxes to within 20 or
40 percent. The X2 for the fit was 6.3, only slightly worse than the X2 for the fit
obtained with the tabulated Gaussian , profile, which was 5.7.
Results for findimg and kapgam are shown in Table 5.6. As expected, the lensing
galaxy (visible disk) now splits the original saddle-point into two saddle-points and
one maximum, with the maximum possessing a magnification similar to that of the
brightest visible image. Having confirmed that this two-component model fits the
lens data, it is now possible to completely extinguish the third image, which is a
maximum. With a point mass perturber directly on top of this maximum in the
Table 5.6: Results from f indimg and kapgam for uniform mass sheet plus tabulated r,
map lens model, giving magnifications and local rn, y, and 0 values. 0 is the direction of
the shear, y, and is given in degrees measured clockwise from the y-axis. It represents
the coordinate system in which the shear is directed along the vertical axis.
Results for mass sheet with no = 7o = 0.6
(x, y) in "  Magnf. 7y 0 (degrees)
Image A (-0.31, -0.31) -5.96 0.99 0.41 -2.43
Image B (-0.33, 0.48) -2.80 0.72 0.66 1.71
Image C (-0.30, -0.12) 6.09 1.41 0.02 -26.68
Results for mass sheet with Ko = yo = 0.75
(x, y) in " Magnf. n 7 0 (degrees)
Image A (-0.32,-0.31) -3.44 1.14 0.56 -1.80
Image B (-0.33, 0.48) -1.57 0.87 0.81 1.38
Image C (-0.31, -0.12) 3.57 1.55 0.16 -2.92
time-delay surface, the curvature becomes infinite, and the demagnification becomes
correspondingly infinite. This was first shown by Chang and Refsdal (1984), who
studied the effect of a point-mass lens with an external field, a valid approximation
to the case we examine in this section. Later, Kayser et al. (1986) and Schneider
and Weiss (1987) did numerical simulations using a random star field, which showed
that the micro-lensed image can disappear completely for n > 1 and detA > 0, where
A is the curvature matrix. So in theory, our micro-lensing plus shear solution works
excellently in explaining the observational data.
The disadvantage of this model is that it relies on not one, but two coincidences-
first, the raw quasar image must be lensed by a galaxy cluster, creating a saddle-point
to be lensed by the spiral galaxy that we observe. The two i = Y > 0.5 cases we
explored in this section here imply that there must be a minimum of the time-delay
surface somewhere else-another image of the quasar that we have not yet observed.
In addition, there must be a micro-lens directly on top of the "naked cusp" third
image, demagnifying it. So we again run into the problem that, although this solution
works in theory, in practice it is unlikely. In the following chapter, we will discuss
observations that could be carried out to test this solution and our other improbable
mass models.
Chapter 6
Observations to test our exotic
explanations
6.1 The dust hypothesis
To determine whether or not dust is responsible for the extinguishing of the third
"naked cusp" image, we could search in other wavelengths for the missing image--
although dust causes extinction in the optical and ultraviolet wavelengths, it does
not affect x-ray, radio, or infrared images. In the x-ray band, we could make on-axis
Chandra observations, with a long integration of about 30 ks if feasible. With the lens
in the center of the field, we hope to avoid smearing out by aberrations at the edge of
the field.' Observations in the radio wavelengths seem unlikely to help, as CX2201 is
not found in the NRAO/VLA Sky Survey (NVSS), whose results were published by
Condon et al. (1998). This radio survey used the NRAO Very Large Array telescope
and covered the sky north of a declination of -40 degrees at a frequency of 1.4 GHz,
a resolution of 45" and a limiting peak source brightness of about 2.5 mJy/beam. As
1We would like to observe at least 5 counts for the missing image. The CYDER observation of
CX2201 was made with an exposure time of 50.16 ks, during which time 11.6 soft band x-ray counts
and 3.9 error soft band x-ray counts were recorded for the object. No hard band x-ray counts were
recorded. Our data were obtained from Treister et al. (2005).
one last possibility, we could turn to mid-infrared imaging, although this may also
prove unfruitful since few quasars are strong mid-IR emitters.
6.2 De-centered spherical halo
To determine whether or not the lensing galaxy possesses a de-centered spherical halo
made of dark matter, we could investigate the galaxy's rotation curve, which gives the
combined masses for disk and spheroidal components. If the galaxy rotation curve is
asymmetric about the light centroid, this would suggest that the mass of the galaxy
is similarly asymmetric, and that an unseen dark matter component may be offset
from the visible disk. Rotation curve observations are planned for August 2006 at
the Magellan Observatory in Chile.
6.3 Micro-lensing plus shear
If this interpretation is correct, it means that our original quasar image is actually a
lensed image, a saddle-point in the time-delay surface with a corresponding minimum,
both images created through lensing by a cluster of galaxies. We must find the
corresponding minimum, which would be located within 30 arcseconds of our image
(we do not know of lensing galaxy clusters that create images separated by more than
this amount). Searching through CYDER observations published by Treister et al.
(2005), we are unable to find another z = 3.9 source in the neighborhood of CX2201,
suggesting that this explanation is not the correct solution to our "missing image"
problem.
6.4 Conclusions
The location of the two visible images of CX2201-3201 with respect to the system's
lensing galaxy has created a dilemma for those seeking to model the mass distribution
of the lensing galaxy, as it seems the system is missing a third "naked cusp" image.
We have attempted to explain the absence of this third image by invoking dust and
various exotic mass models for the lensing galaxy that involve highly edge-on disks,
dark matter halos, and micro-lensing. With our current data, we cannot be sure that
dust is responsible, and none of our mass models for the lensing galaxy have proven
to be both satisfactory and likely solutions. This system's mysteries remain unsolved,
but we have more clearly characterized the problem. With the new data from HST
and Magellan, perhaps future investigators will be better-equipped to understand
CX2201's missing image problem.
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